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Actin works within eukaryotic cells to facilitate a variety of cellular processes, which are driven by the
assembly of G-actin (monomeric form) into F-actin (fibrous form), and the disassembly of F-actin into G-actin.
F-actin adopts multiple conformations, which are specified by interactions with various actin-binding
proteins. Knowledge of the multiple conformations of actin is the key for understanding its cellular functions.
Recently, we published a refined model for F-actin. In this review, based on this model, we discuss the origin,
mechanism, and possible physiological significance of the multiple conformations of F-actin.Introduction
Actin is one of the most abundant proteins in the eukaryotic cell,
and it participates in a wide variety of physiological events, such
as cell motility, cell division, and DNA transcription. Actin
functions both as a dynamic system composed of monomers
(G-actin) that actively join and leave the polymer (F-actin), and
in the form of the polymer itself (Bugyi and Carlier, 2010; Pollard,
2007). Therefore, knowledge of the atomic structure of the
polymer is necessary to clarify the mechanism underlying the
functions of actin in the cell. The first model of the F-actin struc-
ture, reported in 1963, was a two-stranded helical polymer
(Hanson and Lowy, 1963). The crystal structure of G-actin
was solved in 1990, and an atomic model for the F-actin struc-
ture was also proposed, based on an X-ray fiber diffraction
pattern to 8 A˚ (Holmes et al., 1990; Holmes 2010; Kabsch
et al., 1990). The model was consistent with many biochemical
results, but it provided a limited account of actin’s function,
because the structures of the monomers were stacked on top
of each other without any conformational alterations. The model
was refined with a directed mutation algorithm (Lorenz et al.,
1993), and by conformational changes along the normal vibra-
tion modes of the actin molecule (Tirion et al., 1995). Further
molecular model of the F-actin structure was obtained by the
moving of four subdomains of X-ray crystal structure using the
fiber diffraction pattern (Holmes et al., 2003). We previously re-
ported a higher resolution model of the F-actin structure, by
using X-ray fiber diffraction data to 3.3 A˚ in the radial direction
and 5.6 A˚ along the equator. We found that the G- to F-actin
transition is associated with a simple rotation of two halves
(not four quadrants) of the molecules relative to each other
and showed that flattening stabilizes the F-actin structure
(Oda et al., 2009). Quite recently, a density map of F-actin at
about 7 A˚ resolution was obtained using electron cryomicro-
scopy and image analysis, and the model fitted to the density
basically confirmed the flattening of F-actin subunit, although
the conformations of some loops in the actin molecule were
different (T. Fujii and K. Namba, personal communication). In
this review, we discuss the additional information obtained after
the publication of our F-actin structure, to present the view of
the multiple conformations of F-actin on the basis of our model,Strand to explore the implications of the multiple conformations in
terms of actin’s cellular functions.
F-actin Formation from a Thermodynamic Viewpoint
G-actin molecules exist as well-separated monomers in low-salt
solutions. Increasing the salt concentration causes a decrease in
the second virial coefficient, which is an index of the repulsive
force between G-actin molecules. At the salt concentration
where the coefficient is zero, the polymerization from G-actin
to F-actin is initiated. Suppression of the charge effect by the
addition of salt is an essential requirement for the polymerization
(Ooi, 1961).
The process of G-actin polymerization to F-actin is endo-
thermic and is driven by a large positive entropy change (Oosawa
and Asakura, 1975; Tian et al., 1998): DH = 89.0 kJmol-1,
DS = 0.413 kJK-1mol-1, DCp = 1.16 kJK-1mol-1 at 298.15K; the
contact formation is mainly contributed by a hydrophobic effect,
because DCp < 0 and DH > 0 (Kodama, 1985). Entropy-driven
processes are occasionally observed in studies on the polymer-
ization of macromolecules, such as tubulin, amyloid b2 m, RecA,
tobacco mosaic virus, and bacterial flagellin (Oosawa and
Asakura, 1975). However, the contributions of the enthalpy
change and the entropy change to each polymerization process
are different. In the cases of amyloid b2 m and flagellin polymer-
ization, the enthalpy change shifts from negative to positive at
room temperature (Kardos et al., 2004; Valdes and Ackers,
1974). The enthalpy change also stabilizes the filament at
relatively low temperatures, although the specific origin of the
enthalpy change has not been identified. One possibility is a local
chemical property in the contact sites. Upon flagellin polymeriza-
tion, the disordered N-terminal and C-terminal regions form
coiled-coil structures that are integrated into the double-tubular
core of the flagellar filament (Namba, 2001; Yonekura et al.,
2003). In contrast, the enthalpy change in actin and tubulin
polymerization is always positive at physiological temperatures,
and the process is purely entropy driven. This is probably related
to the mode of interactions between subunits, since actin poly-
merization is not associated with refolding processes, but with
the surface-surface contacts formed through the loop-loop
interactions between subunits within F-actin (Oda et al., 2009).ucture 18, July 14, 2010 ª2010 Elsevier Ltd All rights reserved 761
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Figure 1. Three Conformations of Actin Molecules
(A) The open and twisted conformation.
(B) The closed and twisted conformation (G-actin).
(C) The closed and untwisted conformation (flat conformation: F-actin subunit).
The two major domains, the domain consisting of subdomains I+II, and the
domain consisting of subdomains III+IV, are shown in green and yellow,
respectively.
The open conformation in (A) is obtained from (B) by a rotation of one major
domain relative to the other about the axis of rotation (shown as the blue
rod). The flat conformation in (C) is obtained by a rotation of the two major
domains relative to each other around the axis of rotation (shown as the red
rod). The magenta axis is a helix axis of F-actin. The panels on the left are
side views and those on the right are normal views. The domain rotations
were analyzed by Dyndom (Hayward and Berendsen, 1998) (http://fizz.cmp.
uea.ac.uk/dyndom/), and all of the figures were made using Pymol (www.
pymol.org).
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follows (e.g., Yoshidome et al., 2009). Upon polymerization, the
water-excluded volume generated by the proteins is greatly
reduced. The decrease in the excluded volume provides a
corresponding increase in the total volume available for the
translational motion of water molecules in the solution, leading
to a large gain in the solvent entropy. Therefore, in actin polymer-
ization, the polymer structure that minimizes the water-excluded
volumemight be stabilized in the entropically driven G- to F-actin
transition.
In addition, specific interactions of the amino acids on the
contact surface between the constituent subunits occur, which
also stabilize the contact. The conformational change of
a subunit alters the configuration of its contact sites and affects
the arrangement of the adjacent subunits in the filament. When
we discuss the multiple conformations of F-actin from this
viewpoint, it is important to distinguish whether the contact
site is invariant or allowed to shift. For instance, the tubulin
protofilament is either straight or curved, depending on whether
the a-b-tubulin dimer is either straight or bent (Lo¨we et al., 2001;
Nogales et al., 1999). Between the straight protofilament and the
curved one, the longitudinal contact surface between the tubulin
monomers tilts without a large shift in the contact site, thus
breaking the lateral contacts between protofilaments. Accord-
ingly, the protofilaments adopt an isolated, curved form for
disassembly (Ravelli et al., 2004; Wang and Nogales, 2005).
Another example is the bacterial flagella filament, which has
R- and L-types of protofilaments. The structures of both types
of filaments have been determined (Maki-Yonekura et al.,
2010; Yonekura et al., 2003). The transition between the two
structures is induced by mechanical force. According to the
steep molecular dynamics (MD) simulation from the R- to
L-type protofilament, the outer contacts of the double-tubular
core structure between and along the protofilament are invariant,
and the other contacts shift (Kitao et al., 2006). The invariant
contacts apparently act as a fulcrum, and the conformational
changes of the constituent subunits generate the multiple
conformations of the polymer. We shall discuss the multiple
conformations of F-actin from this point of view.
Conformations of the Actin Molecule
What are the various conformations of actin molecule? More
than 80 crystal structures of actin have been deposited in the
Protein Data Bank (PDB). In addition, actin-fold-containing
proteins have been found, and their structures have been solved
for the actin-related proteins Arp2 and Arp3, and the bacterial
actin homologs MreB and ParM. Actin-fold proteins have
a nucleotide-binding cleft enclosed by two major domains at
the center. Depending on the arrangement of the two domains,
three different conformations were observed: open and twisted;
closed and twisted; and closed and untwisted (flat) conforma-
tions (Figure 1). The arrangement of the two domains is charac-
terized by two parameters: the phosphate clamp size (b1), which
specifies the closure of the cleft, and the twist angle (q) between
the two domains relative to each other. The phosphate clamp
size (b1) is defined as the distance between the a-carbons of
G15 and D157 (Figure 2A) and is correlated with the cleft mouth
size (c) that is defined as the distance between the a-carbons
of Q59 and E207. The phosphate clamp size has been used to762 Structure 18, July 14, 2010 ª2010 Elsevier Ltd All rights reservedclassify each structure as closed (b1 < 6A˚) or open (b1 > 7A˚)
(Dalhaimer et al., 2008).
All of the crystal structures of actin, except for one, are in the
closed conformation, regardless of ADP- or ATP-binding, since
the b1 values are 5A˚ and the c values are 10 11A˚. The excep-
tion is the profilin-ATP-actin complex in the crystal that was
swollen in 1.8 M potassium phosphate, in which b1 is 8.2A˚ and
Figure 2. Twist Angles of Actin-Fold Proteins
Compared to F-actin
(A) Schematic drawing showing the definition of the clamp size
(b1) between the two major domains of actin (left) and a histo-
gram indicating the distribution of the clamp size for 83 crystal
structures of G-actin (right).
(B) Schematic drawing showing the definition of the twist
angle (q) between the two major domains of actin (left) and
a histogram showing the twist angle distribution for 83 actin
structures (right). For actin-fold proteins, after superposition
of the actin-fold proteins on the core of actin 1J6Z, the twist
angles were calculated from the red rod determined between
1J6Z and the F-actin subunit, using the specific residues
equivalent to G55 and E207 of actin: G55 and E222 for Arp3,
G45 and R201 forMreB, andG52 andR261 for Hsc70, respec-
tively. The red arrow indicates the mean of the twist angles for
three MreB molecules.
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conformation (Chik et al., 1996). The opening of the cleft is due
to the scissors-like movement of the two major domains relative
to each other, in contrast with the propeller-like movement
discussed in the next section. In Chik et al.’s structure, the
increased distance between the phosphate clamps decreases
the bonding between the phosphate groups of the bound ATP
and the actin in the open conformation, implying that the transi-
tion from the closed conformation to the open one releases the
bound nucleotides. The nucleotide-free state of Arp3 is stable,
and its crystal structure has been solved. A comparison between
these nucleotide-free conformations provided the basis for the
suggestion that the nucleotide binding closes the cleft of the
actin-fold proteins (Dalhaimer et al., 2008; Kabsch and Holmes,
1995). According to the MD simulation, if the profilin is removed
from the profilin-actin complex, then both the phosphate clamps
and the cleft mouth close, and thus the open conformation of the
isolated actin would no longer be stable (Minehardt et al., 2006;
Splettstoesser et al., 2009).
As shown in Figure 2B, the twist angle (q) between the two
major domains is defined as the angle between the normal
vectors of the two planes, one containing G55 and the axis of
rotation (the red rod), and the other containing E207 and the
axis of rotation. The twist angles of the G-actin crystal structures
are widely distributed in the range of 16–25, with an average of
20. The arrangement of the two major domains is fairly variable,
and the angles are dependent on the bound materials, which
inhibit the polymerization: 21 for actin in complex with a natural
product, Latrunculin, 19 for actin bound with DNase I, and 25Structure 18, Julyfor actin bound with tetramethylrhodamine (TMR).
In contrast, the twist angle of the F-actin subunit
is 8, showing that the two major domains are
untwisted in a propeller-like manner, and thus the
molecule is flat. Interestingly, the bacterial actin
homolog MreB, which forms sheets stacked on
top of each other in the crystal, also has a similar
twist angle of 6–8. The MreB crystal structure
was deduced to be a polymeric form (van den Ent
et al., 2001).
Local variations in the conformation are
observed in the following regions of the actin
molecule: residues 1–6 (N terminus), 36–66(including the DNase I binding loop), 201–203, 232–235, and
365–375 (C terminus). The conformations of these regions are
likely to be altered by assembly into F-actin or by complex
formation with other proteins.
Possible Conformational Variations of F-actin
The prokaryotic actin homologs form filaments, bundles, sheets,
and other superstructures. These structures are all based on
similar protofilaments, in which the subunits are lined up in a
head-to-tail manner (Lo¨we and Amos, 2009). Protofilaments
assemble into a variety of superstructures for stabilization.
MreB forms 2-D sheets, in which the protofilaments are aligned
in parallel. In F-actin, the actin-specific regions, 197-204 and
264-272, which are inserted loops as compared with the MreB
structure (van den Ent et al., 2001), create interfaces between
the two protofilaments to form helically intertwisted, two
stranded F-actin. Therefore, in eukaryotic cells, each individual
actin filament is capable of functioning as an independent unit.
ParM, another bacterial actin homolog, forms a helical filament
with two protofilaments. Despite its similar appearance to
F-actin in vitro, ParM forms and functions as bipolar bundles
in vivo, and ParM filaments are not stable. Moreover, the pro-
tofilament appears to act as a structural unit, because the
protofilaments assembled in different manners when the inter-
protofilament contacts were genetically disrupted (Popp et al.,
2008, 2009).
The contacts along the protofilament in F-actin are extended
between the top of subdomains II and IV of subunit n-2 and
the bottom of subdomains I and III of subunit n and can be14, 2010 ª2010 Elsevier Ltd All rights reserved 763
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Figure 3. Contacts along the Protofilament
(A) Contacts in F-actin according to the latest fiber
diffraction data (Oda et al., 2009). Subunits
numbered as n and n-2 form a protofilament. Sub-
domains are numbered as I–IV. The contact sites
on subunit n are indicated by the segments
colored in the tube model, and those of subunit
n-2, 283–294 are depicted by the blue balls.
(B) Contacts were made by superposition of the
actin crystal structure (IJ6Z) on subdomains III
and IV of subunit n. The large red arrowhead repre-
sents the position of subdomain II of subunit n.
(C) Contacts were made by superposition of the
actin crystal structure (IJ6Z) on subdomains I
and II of subunit n.
(D) Contacts observed in the crystal structure of
ECP-treated actin molecules.
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283–294 in subdomain III of subunit n-2, which fits the hole
formed by segments 200–208 and 241–247 in subdomain IV
(contact III-IV), and the segment 61–65 in subdomain II of subunit
n (contact III-II). The other is the part including the DNase I
binding loop 38–49 in subdomain II of subunit n, which fits the
groove between subdomains I and III of subunit n-2 (contacts
I & III-II). Contacts III-IV and III-II are completed as a consequence
of the flattening of the actin subunit, which simultaneously
enables the contacts to form between the two protofilaments.
Especially, the contact III-IV appears to form the core of the fila-
ment. Consistent with this notion, mutations introduced to the
residues in subdomain IV, A204E/P243K, impair polymerization
(Rould et al., 2006). Mutations in subdomain III, R286A and
R288A, yielded the same consequences (Oda et al., 2009).
One possible variation in the F-actin conformation would
involve contacts III-IV and III-II remaining invariant, while con-
tacts I & III-II is altered. In this case, the geometry of F-actin could
scarcely change, because contacts III-IV and III-II appear to be
the core contacts along the protofilament, and the alterations
would be restricted to the local conformations in the contacts
I & III-II. The DNase I binding loop in contacts I & III-II adopts
several conformations, depending on the bound divalent
cations, bound nucleotides, and assembly states, and, accord-
ingly, this putative F-actin could also adopt several conforma-
tions (Khaitlina and Strzelecka-Golaszewska, 2002). The DNase
I binding loop of free G-actin is apparently disordered, regard-
less of the bound nucleotide. This is supported by the results
of MD simulations of G-actin (Dalhaimer et al., 2008; Splett-
stoesser et al., 2009). In the crystal of TMR-labeled ADP-actin,
the DNase I binding loop forms an a-helix, which may be
generated by the presence of a contact surface suitable for an
a-helical conformation within the crystal lattice. The DNase I
binding loop of our F-ADP-actin model is a loop structure that
contributes to the intraprotofilament interactions. However, the764 Structure 18, July 14, 2010 ª2010 Elsevier Ltd All rights reservedr
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a-helix within F-actin cannot be ex-
cluded, because a computational study
showed that the formation of a loop or
a helix depends on the type of bound
nucleotide, as well as whether the mole-
cule is in F-actin (Pfaendtner et al., 2009).Another possible variation would be an F-actin in which
contacts III-II and I & III-II are altered, and contact III-IV remains
invariant, without flattening (Figure 3B). In this situation, subdo-
main II of subunit n would lack a contact partner (arrow in
Figure 3B), and thus the structure would be unstable. Anothe
possible variation would be an F-actin in which contact III-IV
is altered and contact III-II remains invariant, without flattening
(Figure 3C). An actin filament with such a subunit arrangemen
has not been found in solution, but the dimer observed in
a protease, ECP, treated actin crystal resembles it (Figure 3D)
In the dimer, the actin molecules in the typical G-actin confor-
mation are rotated relative to each other as in F-actin, but to
a smaller extent, by about 20 rather than by 28 (Klenchin
et al., 2006). The contacts III-II in the dimer resemble those
within F-actin (Figures 3C and 3D). In contrast, the contacts
between III-IV are different from those within F-actin and are
rather similar to the dimer contacts observed in several othe
actin crystals (Sawaya et al., 2008). This suggests that part o
contact III-II is invariant and acts as a fulcrum, while contac
III-IV is incomplete and is formed only when subdomain IV o
subunit n moves in, upon the flattening of the two majo
domains. Although the actin-actin contacts observed in the
crystal are insufficient for supporting the F-actin structure
because they cannot generate the major interprotofilamen
contacts, some subunits may revert to the twisted G-actin
conformation locally within the otherwise canonical F-actin
structure, thus inducing the local separation of protofilaments
observed by Bremer et al. (Bremer et al., 1991). This is because
the actin molecule is likely to be more stable in the twisted
G-actin conformation than in the untwisted F-actin conforma-
tion. We speculate that the conformational variations of the
F-actin structure should be based upon the balance between
the destabilizing factor imposed by the strain of the subuni
conformation and the stabilizing factor of the contacts between
subunits in F-actin.
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The actin monomer with a bound ATP is incorporated into the
end of the filament, where the actin hydrolyzes the ATP into
ADP and phosphate and releases the cleaved phosphate, while
the actin molecule with a bound ADP in the filament dissociates
from the end. The two ends of the filament are designated as the
barbed end (B-end) and the pointed end (P-end), and the asso-
ciation and dissociation of the actin subunits at the B-end are
intrinsically much faster than those at the P-end. The intrinsic
activities of the ends and the ATPase reaction determine the
intermediate species of the ATP hydrolysis reaction at either
end; accordingly, the actin subunits are predominantly incorpo-
rated at the B-end and dissociated from the P-end. The subunits
flow from the B- to P-end, and therefore the actin filament moves
unidirectionally. This mechanical work is energetically driven by
the chemical energy released from the ATP hydrolysis (Wegner,
1976). The rate constants between intermediate species have
been measured (Fujiwara et al., 2007). The intermediate species
of canonical F-actin, F-ADP-actin, is generally viewed as existing
in the closed conformation (Galkin et al., 2008; Oda et al., 2009).
However, a consensus about the structures of other interme-
diate species of F-actin has not been reached.
The subunit flow is coupled with the ATPase, but the ATPase
activity is not prerequisite for the polymerization event (Hayashi
and Rosenbluth, 1960; Iwasa et al., 2008; Kasai et al., 1965).
After a time lag, the actin ATPase is induced in the central part
of the filament after the monomer is incorporated, while the
polymerization and depolymerization occur at the ends of the
filament. Hence, there is a spatial and temporal gap between
the generation of the intermediate species and their polymeriza-
tion. The time course and the spatial distribution of the inter-
mediate species are important, because these parameters
determine the interactions between the F-actin and the actin-
binding proteins that regulate the assembly and disassembly
of the filament. ADF/cofilin selectively binds to F-ADP-actin
and accelerates the depolymerization. The F-actin decorated
with cofilin, studied under the low pH conditions needed to
permit F-actin binding without filament depolymerization, was
the first distinct F-actin conformation from the canonical F-actin.
Cofilin binding to F-actin alters the filament twist by about 5 per
subunit and occasionally induces filament branching or fraying of
the end. Under these conditions, the protofilament of the actin-
cofilin complex appears to act as the structural unit (McGough
andChiu, 1999;McGough et al., 1997). In the current view, cofilin
binding to the groove of actin between subdomains I and III
in the filament alters the subunit arrangement, thus weakening
the interprotofilament interactions, and thereby accelerating
the depolymerization (Paavilainen et al., 2008).
The intermediate species at the ends of the filament are partic-
ularly important, since many regulatory proteins bind there, such
as capping protein (CP), Arp2/3 complex, and formin. The
structures of CP alone and of the B-end bound to CP revealed
the binding mode of CP to the B-end (Narita et al., 2006; Yama-
shita et al., 2003). The CP strongly binds to the terminal subunits
of the two protofilaments simultaneously, to maintain the canon-
ical arrangement of the subunits, i.e., the helical symmetry of
13/6, up to the terminal subunits. The affinity of CP to the
B-end may be regulated by CARMIL protein binding to CP (Her-
nandez-Valladares et al., 2010; S. Takeda et al., 2010) as well asStrby the conformation of the F-actin at the B-end, which must be
strongly influenced by cofilin binding to the F-actin. The interac-
tions between formin and the B-end should also provide insight
into the mechanism of the nucleation and the elongation of the
F-actin (Bugyi and Carlier, 2010; Goode and Eck, 2007; Otomo
et al., 2005; Paul and Pollard, 2009). The question remains as
to whether the actin trimer interacting with a formin homology-2
(FH2) dimer (Otomo et al., 2005) is identical to the actin polymer-
ization intermediate. Another interesting question is whether the
reaction intermediates of ATP hydrolysis (F-ADPPi-actin and
F-ADP-actin) are sequentially and regularly aligned at the formin
bound to the B-end. Finally, the temporal relationship between
the two structural transitions at the formin bound to the B-end
remains to be clarified: on the one hand, the subunit arrange-
ment may change from the planar 2/1 symmetry (Otomo et al.,
2005) to the helical 13/6 symmetry of the actin filament, while
on the other hand, the subunit conformation shifts from the
twisted G-actin conformation to the flat F-actin conformation
(Oda et al., 2009).
Another interesting issue is the activation mechanism of
the ATPase upon polymerization. Based on the results of our
Q137A mutant experiments, we proposed the following se-
quence of events as the ATPase activation mechanism: the
formation of the collision end complex, the flattening of the actin
molecule, and the triggering of the ATPase (Iwasa et al., 2008).
To clarify this hypothesis, it will be important to specify the timing
of the flattening experimentally.
Conformations of F-actin Interacting with Other
Proteins
When F-actin actively functions together with actin-binding
proteins, it shifts among multiple conformations, because shift-
ing among several conformations with different energy levels
enables F-actin to trade energy for its function. In order to deter-
mine the nature of the multiple conformations, the following
strategies would be useful. First, each actin-binding protein
would shift the equilibrium distribution of F-actin among multiple
conformations so that, in the presence of an actin-binding
protein, one conformation or a few would dominate the equilib-
rium (Galkin et al., 2003). This would make it easier to obtain
high-resolution structures of individual conformations of the
F-actin, by using electron cryomicroscopy techniques. Second,
because the actin subunit may be regarded as consisting of the
body plus surface loops, and because the subunit-subunit inter-
actions within the F-actin could predominantly involve interac-
tions between surface loops, the multiple conformations of the
F-actin could be equivalent to a combination of two to three
conformations of individual pairs of contacting loops. The distri-
bution among two to three conformations of each pair of loops
could be accurately measured by NMR. Recent progress in
isotope labeling techniques has made it possible to measure
amino acid side-chain movements on a millisecond time scale
very accurately, even with large protein complexes such as pro-
teasomes (Kainosho and Gu¨ntert, 2010; Religa et al., 2010).
The relationship between the intrinsic dynamics of an enzyme
and its function is currently being defined in the field of protein
science. It has been emphasized that the intrinsic plasticity of
an enzyme is a key characteristic of catalysis, and that the
conformations that exist during protein function are alreadyucture 18, July 14, 2010 ª2010 Elsevier Ltd All rights reserved 765
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Minireviewpresent before ligand binding (Eisenmesser et al., 2005). The
relationship between the multiple conformations of F-actin and
the actin-binding proteins also appears to reflect the picture
obtained for catalysis by small enzymes. This concept could
help us to understand the mechanism of actin-related functions.
A high resolution F-actin model is currently available (Oda et al.,
2009). The next step is to determine the major F-actin con-
formations responsible for the individual functions at high
resolutions, to describe them at an atomic level, and to under-
stand the physiological roles of the intrinsic dynamics of F-actin
(Fujiwara et al., 2008).
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